This study used pollen morphology to address taxonomic controversies related to several species belonging to subgenus Hebeclada of the genus Polygala (Polygalaceae). According to the last traditionally accepted revision of this subgenus, it comprises 40 species. Nevertheless, a recent taxonomic treatment applying more comprehensive criteria reduced this number to only nine species. Our work focused on 15 traditionally accepted species that occur in Brazil, fourteen of which have been considered as only six species in this recent taxonomic study. Pollen grains from floral buds at pre-anthesis were collected from herbarium specimens and analysed using both visible light and scanning electron microscopy. Most of the traditionally accepted species were distinguished by different combinations of several pollen-related features, in particular colpi number (13 or 15), pollen size and shape, and endoaperture type (endocingulate or not) and arrangement (parallel or sinuous). The species accepted in the recent taxonomic treatment could not be discriminated by pollen characters.
INTRODUCTION
One of the principal characteristics of the family Polygalaceae is its polyzonocolpate pollen grains (Chodat, 1896) . This pollen feature has also contributed to the delimitation of some genera currently included in Polygalaceae, such as Diclidanthera Mart., Carpolobia G. Don. (including Falya Desc.), and Xanthophyllum Roxb., which were transferred from Diclidantheraceae (Erdtman, 1952) , Dichapetalaceae (Breteler, 1969) , and Xanthophyllaceae (van Der Meijden, 1982 , 1988 , respectively. The classification of the genus Eriandra P. Royen & Steenis into Polygalaceae was also supported by its pollen morphology, in association with other morphological features (van Royen & van Steenis, 1952) . However, the palynological studies undertaken within the family Polygalaceae have mostly considered species of Polygala (for example, Fritzsche, 1832; Mohl, 1834 Mohl, , 1835 Aldridge, 1842; Klotzsch, 1861; Welwitsch, 1869; Chodat, 1891; Nauman, 1981; Heubl, 1984; Villanueva & Ramos, 1985; Paiva, 1998; Marques, 2003) which, with almost 500 species, is the largest genus of the family (Marques, 2003) . Chodat (1891) classified the genus Polygala into ten sections, with only the autonomic section having a worldwide distribution, the remainder being limited to Neotropical or Palaeotropical regions. Blake (1916) transferred some of the Neotropical subgenera to the rank of subgenus. This treatment was later confirmed by Paiva (1998) , who also added two new Palaeotropical subgenera. One of the most important contributions of the latter author to the taxonomy of Polygala was the introduction of pollen features to distinguish its 12 subgenera. In the study by Paiva, subgenus Ligustrina (Chodat) Paiva was clearly separated because its pollen grains were prolate, halteriform, and brevicolpate (colpi 2.5-3 times longer than wide), whereas, in the other 11 subgenera, the pollen grains were oblate-spheroidal, prolate-spheroidal, spheroidal, or elliptical, and longicolpate (colpi 6-10 times wider than long). Using different combinations of pollen features, Paiva (1998) discriminated three other subgenera: Badiera (DC.) Blake, Phlebotaenia (Griseb.) Blake, and Acanthocladus (Klotzsch ex Hassk.) Paiva. In the other subgenera, pollen grains had colpi 2.0-6.0 mm wide in the equatorial zone, with very thin mesocolpi up to twice as long as the colpi, and a cingulate endoaperture, 2.5-12 mm long and psilate or perforate at the apocolpium. The eight subgenera, Brachytropus (DC.) Chodat, Chodatia Paiva, Chamaebuxus (DC.) Duch., Gymnospora (Chodat) Paiva, Hebecarpa (Chodat) Blake, Hebeclada (Chodat) Blake, Polygala (Chodat) Blake, and Rhinotropis (Blake) Paiva, could not be distinguished by their pollen; therefore, the author used other morphological features to separate them. The only study analysing the value of pollen characteristics to distinguish species of an infrageneric taxon of Polygala was carried out by Marques (2003) in the revision of the Brazilian subgenus Ligustrina. This study confirmed the pollen characterization of this subgenus by Paiva (1998) , and also showed that the 11 species accepted in this taxon could not be separated by pollen-related features. Although important, the results of this study cannot be generalized, as subgenus Ligustrina comprises only 2% of the species of the genus. Moreover, few data in the literature allow taxonomic analyses at the species level. Of the approximately 180 species of Polygala that occur in Brazil, for instance, pollen morphology has been examined in only 17 (Miranda, Pires Cavalcante & Rebouças Gondim, 1978; Marques, 2003; Melhem et al., 2003) , 11 of which belong to subgenus Ligustrina.
In this work, we studied the pollen morphology of species of Hebeclada, one of the five subgenera of Polygala that occur in Brazil. This taxon is distributed from the USA (Alabama and Florida) to Argentina, but most species occur in central Brazil (Paiva, 1998) . Hebeclada is distinguished from the remaining subgenera of Polygala by the connation of two of its three outer sepals and by its abruptly curved style that forms an angle of nearly 90 o (Chodat, 1891; Bernardi, 2000) . In cladistic analyses, these two features clustered the species of Hebeclada into a branch that was paraphyletic to another cluster comprising species belonging to the remaining subgenera of Polygala (Eriksen, 1993; Persson, 2001 ). This subgenus is thus particularly interesting.
According to the broadest revision of the genus Polygala by Chodat (1893) , Hebeclada comprises 40 species. Although these species have been traditionally accepted (for example, Blake, 1916; Marques, 2003) , Bernardi (2000) applied more comprehensive criteria to delimit the species within Hebeclada, and reduced the number of taxa to only nine species. In Bernardi's (2000) treatment, some species, such as P. mollis H.B.K. and P. violacea Aublet, incorporated more than 12 synonyms, including species sensu Chodat that had been easily distinguished. These synonymizations are mostly the result of the rejection by Bernardi (2000) of many species diagnostic features that were very important in the revision of Hebeclada by Chodat (1893) .
To contribute to the taxonomy of subgenus Hebeclada, we carried out a comparative analysis of the pollen morphology in the species sensu Bernardi (2000) and in the species sensu Chodat (1893) that are synonymized with them.
MATERIAL AND METHODS
Six of the nine species accepted by Bernardi (2000) in subgenus Hebeclada of the genus Polygala were studied. Fourteen species sensu Chodat (1893 Chodat ( , 1914 that belong in synonymy to these six species were selected. One more species (P. sickii), described later by Brade (1954) according to the criteria adopted by Chodat (1893), was also included. As this work is part of a broader taxonomic study of the Brazilian species of subgenus Hebeclada (Aguiar et al., 2008) , only species and specimens that occur in this country were examined.
Pollen samples were obtained from herbarium specimens in CEN, CEPEC, HRB, IAN, NY, RB, R, SP, SPF, and UEC (Holmgren, Keuken & Schofield, 1990) . We examined one to three specimens per species, whenever possible from different geographical localities.
For each species studied, a specimen considered as standard was chosen, used to make descriptions and illustrations, and presented in the list below, indicated by an asterisk (*) placed before the collector's name. Whenever possible, up to four specimens were analysed for comparison in order to confirm the results obtained. Pollen grains were analysed using visible light and scanning electron microscopy. For light microscopy studies, the pollen material was prepared using the acetolytic method proposed by Erdtman (1952) and modified by Melhem et al. (2003) . For scanning electron microscopy analyses, the anthers were macerated, placed on metal supports, covered with a carbon film, and thinly coated with gold. The preparations were analysed with a Zeiss DSM960 electron microscope. The pollen-related features examined under light microscopy were the size, shape, number of apertures and their characteristics, and exine ornamentation. Surface details were confirmed using scanning electron microscopy. One specimen of each species was chosen (indicated by an asterisk in the tables) for pollen descriptions and illustrations. When available, the other specimens were used to confirm the features observed in the selected sample. Measurements in equatorial view (polar diameter and equatorial diameter) were made on 25 pollen grains per sample. The measurements were used to determine the numerical averages (x), standard deviations (s), average standard deviations (sx), and coefficients of variation (CV%) within a confidence interval of 95%. Ten measurements of the equatorial diameter in polar view, the apocolpium, the thickness of the exine layers, and the aperture dimensions were also taken.
The terminology adopted and the pollen-related descriptions follow the criteria of Punt et al. (1999) , taking into consideration the size, shape, number of openings, and ornamentation pattern of the sexine, and whether the denomination of the polar area and the size of the opening are in accordance with the classification for the polar area index established by Faegri & Iversen (1966) .
RESULTS
The studied species showed medium-sized, isopolar pollen grains, which were suboblate, oblatespheroidal, or prolate-spheroidal, 13-or 15-colpate, with very long colpi (Figs 1-3 ; Tables 1-4) covered with an ornamented membrane, lalongate, and with endocingulate endoapertures (excluding P. hebeclada sensu Chodat and P. fimbriata) (Figs 1G, 2B-E); endoapertures were parallel to the equatorial plane ( Figs 1C, H, 2B , E, F, 3A, D) or sinuously arranged, only in P. urbanii (Fig. 3F) ; the sexine showed conspicuous perforations at the poles, close to the colpi (Fig. 2G ). Polar and equatorial diameters varied similarly in all species and/or were within the 95% confidence interval (Table 4) 
DISCUSSION
The pollen grains of the Brazilian species of Polygala subgenus Hebeclada examined here showed similar characteristics to those described by Paiva (1998) at the subgenus level. This author analysed the pollen morphology of five species sensu Chodat (1893) of this subgenus: P. floribunda Benth. (Guatemala), The exine ornamentation was similar in all 15 species studied (sensu Chodat, 1893) . In addition, the exine thickness was almost constant, at about 2.5 mm, although some extreme variations were observed: the thinnest in P. hebeclada and P. xyloclada (2.1 mm), and the thickest in P. fimbriata (4.1 mm). In Table 4 , in which the average pollen grain sizes in equatorial and polar views are presented, the low standard deviations indicate that these dimensions are rather homogeneous within the studied species. Of the 15 species, important variations were observed in pollen grain size and shape, polar area index, colpi number and length, and endoaperture length and type (endocingulate or not). Of these features, the shape (suboblate, oblate-spheroidal, or prolate-spheroidal), colpi number (13 or 15), type of endoaperture (endocingulate or not), and arrangement of the endoapertures (parallel or sinuous around the equatorial plane), in different combinations, were found to be useful for separating most of the studied species sensu Chodat (1893) . The length of the endoaperture, width of the colpi, thickness of the sexine or nexine, and size of the pollen grain were also important in distinguishing some species. The species sensu Bernardi (2000) , with broader circumscription than Chodat (1893), presented intraspecific variation in these pollen characters.
In the more detailed analyses presented below, the binomials are referred to as 's.s.' or 's.l.' when considered according to Chodat's (1893) or Bernardi's (2000) circumscriptions, respectively. The results are analysed first according to the synonymizations proposed by Bernardi (2000) , and then according to the pollen characters found to be most important in discriminating the species.
Polygala fimbriata is the only synonym of P. acuminata Benn. (sensu Bernardi, 2000) included in the present study. Polygala acuminata s.s. was not studied because it does not occur in Brazil. In P. fimbriata, the pollen grains are suboblate, 13-colpate, and do not present endocingulate endoapertures. Amongst the studied species, the last two features are only shared with P. hebeclada, which has prolatespheroidal pollen grains. Despite their very similar pollen grains, these two species can be easily separated on the basis of macromorphological characteristics. In particular, Aguiar et al. (2008) reported that P. fimbriata has a very unique seed morphology in the whole subgenus of Hebeclada.
Bernardi (2000) synonymized P. violacea s.s. and P. monticola with P. violacea s.l. However, P. violacea s.s. has oblate-spheroidal and 13-colpate pollen grains, whereas they are prolate-spheroidal and 15-colpate in P. monticola.
Polygala hebeclada s.s., P. ignatii, and P. lindmaniana were synonymized by Bernardi (2000) with P. hebeclada s.l. Nevertheless, the pollen grains of P. hebeclada s.s. are prolate-spheroidal, 13-colpate, and do not present endocingulate endoapertures, whereas they are15-colpate and have endocingulate endoapertures in P. ignatii and P. lindmaniana. The last two species can be separated by their pollen grain shape, which is prolate-spheroidal in P. ignatii and oblate-spheroidal in P. lindmaniana. Bernardi (2000) did not examine P. sickii and P. xyloclada, but their authors [Chodat (1893) and Brade (1954) , respectively] described them as very similar to P. hebeclada s.s. The pollen grains of P. sickii and P. hebeclada s.s. have the same number of colpi (13) and shape (prolate-spheroidal), but the endoapertures are endocingulate in P. sickii and not endocingulate in P. hebeclada s.s. In contrast, the pollen grains of P. xyloclada are 15-colpate, oblate-spheroidal, and have much shorter colpi (20.0 mm long) and endoapertures (1.2 mm) than those of P. hebeclada s.s., P. ignatii, P. lindmaniana, and P. sickii. In the last four species, the colpi and endoaperture lengths were in the range 28.4-33.8 mm and 4.9-5.8 mm, respectively. Polygala xyloclada thus has different pollen morphology from the other species of this group.
Bernardi (2000) synonymized P. bahiensis, P. martiana, P. orobus, P. urbanii, and P. pseudohebeclada with P. mollis s.l. This study examined the first five species, but P. mollis s.s. was not examined because it does not occur in Brazil. Although the first five species have 15-colpate pollen grains, they are oblatespheroidal in P. orobus and P. urbanii, and prolatespheroidal in P. bahiensis, P. martiana, and P. pseudohebeclada. Of the last three species, P. pseudohebeclada can be distinguished by the length of its endoapertures (2.6 mm), which are shorter than those of P. bahiensis (3.6 mm) and P. martiana (3.8 mm). Polygala urbani can be distinguished not only from P. orobus, but also from all the other studied species, because it is the only species whose pollen grains have endoapertures arranged sinuously around the equatorial plane. As such, all the species in this group have distinct pollen morphologies, except for P. bahiensis and P. martiana, which are nearly identical.
The remaining species examined in this study, P. hirsuta and P. ilheotica, were both accepted by Bernardi (2000) with the same delimitations as proposed by Chodat (1893) . Both species have prolatespheroidal, 13-colpate pollen grains with endocingulate endoapertures. These three features are also shared with P. sickii, whose endoaperture size (4.9 mm) is also close to that of P. hirsuta (4.4 mm), whereas the endoapertures of P. ilheotica are much smaller (2.8 mm). Therefore, although P. hirsuta and P. sickii can be easily separated by many other morphological features (Aguiar et al., 2008) , they have very similar pollen morphology.
PALYNOTAXONOMY OF POLYGALA SUBG. HEBECLADA 617 Almost all of the species recognized by Chodat (1893) or described according to his taxonomic revision (P. sickii) showed distinctive pollen characteristics; however, in some cases, distinct species with regard to macromorphological characteristics (Aguiar et al., 2008) presented very similar pollen morphologies, and, in others, species that were very difficult to distinguish through macromorphological features presented very distinct pollen morphologies.
Of the 15 species sensu Chodat (1893), seven presented 13-colpate pollen grains (P. fimbriata, P. hebeclada, P. hirsuta, P. ilheotica, P. lindmaniana, P. sickii, and P. violacea) , whereas the other eight presented 15-colpate pollen grains (P. bahiensis, P. ignatii, P. martiana, P. monticola, P. orobus, P. pseudohebeclada, P. urbanii, and P. xyloclada) .
In the group of species with 13-colpate pollen grains, only P. fimbriata and P. hebeclada s.s. did not present endocingulate endoapertures. Indeed, amongst the 15 studied species sensu Chodat (1893), this latter feature was only found in these two species. This result disagrees with the characterization of the subgenus Hebeclada by Paiva (1998) with regard to this feature, as this author included this taxon in the group of subgenera of Polygala with endocingulate endoapertures. With regard to the other five species with 13-colpate pollen grains, they were oblate-spheroidal in P. lindmaniana and P. violacea and prolate-spheroidal in the other three species. Although P. lindmaniana and P. violacea s.s. differ in terms of many of the species diagnostic characters used by Chodat (1893) (Aguiar et al., 2008) , their pollen grains are similar for all the pollen characters studied here (number of colpi, shape, size, colpi and endoaperture lengths, endoaperture type and arrangement). For the three other species with 13-colpate pollen grains, P. ilheotica had much shorter endoapertures (2.8 mm) than P. hirsuta (4.4 mm) and P. sickii (3.7 mm), and the latter had a much thicker nexine (1.8 mm) than the other species of this group (1.0-1.3 mm). Although P. ilheotica, P. hirsuta, and P. sickii had similar pollen grains, they were very easy to separate using Chodat's (1893) species diagnostic characters (Aguiar et al., 2008) .
In the group of eight species with 15-colpate pollen grains, P. urbanii could be discriminated easily by its endoapertures sinuously arranged around the equatorial plane. As mentioned before, this feature makes this species unique amongst the studied species. Of the remaining seven species of this group, P. xyloclada could be distinguished by its much smaller pollen grains (Table 1) . Pollen grain shape distinguished P. monticola (suboblate) and P. orobus (oblatespheroidal) from P. bahiensis, P. ignatii, P. martiana, and P. pseudohebeclada, which have prolatespheroidal pollen grains. Polygala bahiensis and P. martiana are two species that have very similar macromorphological features. The only pollen differences between the two species are their colpi, which are much narrower in P. bahiensis (1.5 mm) than in P. martiana (3.6 mm), and sexine thickness, which is much thinner in P. martiana (1.2 mm) than in P. bahiensis (2.2 mm). Polygala ignatii and P. pseudohebeclada, which are very close with regard to their macromorphological characteristics (Aguiar et al., 2008) , could be distinguished by the pollen grains of P. pseudohebeclada, which showed wider colpi (4.5 mm ¥ 2.3 mm), shorter endoapertures (2.6 mm ¥ 5.4 mm), and a thicker sexine (2.0 mm ¥ 1.6 mm).
The only species in which pollen morphology diverged remarkably from macromorphology was P. orobus, synonymized by Bernardi (2000) with P. mollis s.l., and considered by Aguiar et al. (2008) as a possible synonym of P. violacea because of the strong macromorphological similarity. However, P. orobus and P. violacea possess a different number of colpi: 15 and 13, respectively.
In spite of the problems described in this discussion, the palynotaxonomic analyses presented here generally reinforce the circumscription of the species of Hebeclada according to the criteria originally established by Chodat (1893) , and contradict most of the synonyms proposed by Bernardi (2000) . The only exception concerns P. bahiensis and P. martiana, which were found to share many important diagnostic features, both with regard to their macromorphology (Aguiar et al., 2008) and pollen morphology.
The intraspecific stability of pollen characteristics, such as the number of colpi, shape, and type and disposition of the endoapertures, as well as their sharp interspecific distinction in most of the species sensu Chodat (1893) , indicate their value in discriminating the species in subgenus Hebeclada of the genus Polygala. Therefore, although Marques (2003) found that pollen morphology was not useful for this purpose in subgenus Ligustrina, the results obtained here show that palynotaxonomic analyses at the species level are highly recommended for other subgenera of Polygala. However, the value of the studied pollen features as lineage markers is arguable; likewise the macromorphological characters used by Chodat (1893) to discriminate between the species. The inclusion of all of these characters in molecular phylogenetic analyses is needed to clarify this question.
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